Introduction
though at the top it may be highly contaminated. It is desirable to know the liquid level at which the conThe transfer of liquid oxygen (LOX) from astortamination becomes unacceptable, so that the flow of age vessel to a rocket engine generally requires the LOX from the storage vessel can be discontinued. use of a pressurizing gas at high pressures. The primary criteria for the choice of gas are low cost, safety, A possible approach to the contamination proband immiscibility with liquid oxygen. Among the lem is to monitor the LOX purity in the transfer common gases, helium, nitrogen, and oxygen itself line between the storage vessel and the rocket engine. Such a capability would serve two purposes. First, an have been considered. Helium is expensive, and oxygen is hazardous at high pressures. The remaining operator could terminate a test when the LOX contamination reached an unacceptable level. Second, gas, nitrogen, unfortunately is miscible with oxygen and causes dilution and loss of engine performance, after gaining experience, test engineers could predict the fraction of the LOX in a storage vessel that is The effects of pressurized gaseous nitrogen (GN2) useful under a given GN2 pressure. at a LOX interface, reported in the late 1950's when the subject was under active investigation (refs. 1 The desirable features of a LOX contamination and 2), were confirmed by an independent prelimimonitor are (1) high sensitivity to LN2 content, nary study conducted at the Langley Research Cen-(2) insensitivity to liquid temperature, (3) speed of ter. At even modest GN2 pressures (a few hundred operation, and (4) nonintrusion into the LOX transpounds per square inch), the GN2 condenses immedifer line. Initially, three physical properties were conately at the interface and forms a liquid layer, which sidered as a basis for LN2 contamination measurecontinues to grow as long as the GN2 is of ample ment: dielectric constant, density, and sound speed. supply and the temperature remains below the con-
The expected performance of a monitor based on densation temperature at the top of the layer. The each of these three properties is summarized in taliquid nitrogen (LN2) so produced diffuses into the ble I. The selected property should show a large liquid below it and creates a concentration profile dedifference between its values for pure LOX and pure pendent upon time, GN2 pressure, heat transfer, and LN2. This difference is reflected in the "composilesser factors. The LOX at the bottom of the vessel tion coefficient," defined as the percent change in the may retain the purity of its starting condition, even property for a given percent change in LN2 content. The "temperature coefficient" is the percent change for triggering a frequency counter directly, the gatin the property for a given change in temperature, ing circuit conditions the signals to a form usable for It is desirable that the ratio of the composition coa timer-counter. The circuit also prevents any false efficient to the temperature coefficient be as high as triggering due to the ringing of the transducer. (See possible. As can be seen from the table, the dielec- fig. 2 .) tric constant has the lowest composition coefficient.
As the pulse propagates through the liquid, its This fact together with limited measurement preeiamplitude diminishes; the transmitted pulse is consion makes it unsuitable as a monitoring property, siderably larger than the first reflection. Thus, the The density, having the highest composition coeffigating circuit is set to a level below the transmitted cient and a low temperature coefficient, would appulse height and the height of the first reflection but pear to be the premier property. The detriments to above the height of all succeeding reflections. A referits use, however, far outweigh its merits. A precise ence voltage is applied to one input of a comparator. measurement would require intrusion into the trans-
The other input of the comparator is connected to fer line and would be unacceptably time consuming, the pulser-receiver, which provides the signals from The sound speed, although somewhat inferior to the the transducer. The comparator yields a pulse at the density with regard to the above-defined performance beginning of the transmitted signal and at the begincoefficients, boasts the advantages of measurement ning of the first reflection. Since the distance between precision, speed of operation, and nonintrusive cathe transducer and the reflector is large, the rise time pability. Thus the practical advantages dictate the of the transmitted pulse is negligible compared with choice of speed of sound as the basis for monitoring the transit times of interest. The two pulses from the nitrogen content in liquid oxygen, comparator are sent to a one-shot digital integrated The purpose of this study is to obtain calibration circuit, which generates a square pulse at the beginmeasurements of sound speed versus composition ning of the transmitted pulse and at the beginning in LOX-LN2 mixtures under controlled conditions of the first reflection. The time between the square to such a precision that changes in LN2 content pulses is measured with the timer-counter. on the order of a few tenths of a percent can be The test cell is contained within a Dewar filled reliably detected.
The sound speed is measured with LN2, as shown in figure 1 . In this manner, the by a simple pulse-echo technique, using a single test mixture is kept at a uniform and regulated temtransducer, within a range of temperatures near the perature. The piping into the apparatus is insulated boiling point of LN2. The results can subsequently be to facilitate the flow of LN2 and LOX. The temperused to determine unknown LN2 content from sound ature of the test mixture is measured with a copperspeed measurements.
This monitoring technique constantan thermocouple immersed halfway in the is being developed in support of the Langley 8-test mixture (not shown in the figure) . Hence, the Foot High-Temperature Tunnel Modification Project temperature can be monitored continuously.
The first step in the measurement procedure is to purge the system of any water vapor and impurities.
Apparatus and Experimental Procedure
When the test liquid is pure LN2, gaseous nitrogen (GN2) is flushed through the system. If the test The test apparatus is shown in figure 1 . The liquid is to contain any LOX, gaseous oxygen (GO2) acoustic transducer is a 10-mm-diameter lead ziris flushed through the system. The use of GO2 is conate titanate (PZT) ceramic, operated at 2 MHz, especially important in a pure LOX test to prevent undamped, and flush mounted to the top plate. It any GN2 in the system at the start of the test from protrudes into the test chamber 0.145 cm to insure condensing and contaminating the mixture. The proper wetting. The transducer is excited by an ulpurge gas enters the test cell through fill tube _1 trasonie pulser-receiver, which sends a short-duration and exits through the vent tube. large-amplitude pulse of the order of 250 V with a rise After the system is purged, the Dewar is filled time of approximately 10 nsec to the transducer. A through fill tube _2 to precool the test cell. The pulse-echo technique is used. The round-trip prop-LN2 and LOX are transferred to the system through agation path of the ultrasonic pulse, including the fill tube _1, with pressure created from the evaporaprotrusion of the transducer and correction for thertion of some of the liquid itself in the holding tanks. mal expansion, is 27.462 cm. The diameter of the The coolant is the LN2 contained in the Dewar. The test cell is 9 cm. amount of LN2 admitted to the Dewar is regulated A special gating circuit was constructed to generwith a solenoid controlled by a sensor (not shown in ate two square pulses from the transmitted pulse and the figure) at the top of the Dewar. Once the test the first reflection. Since these pulses are unsuited cell is sufficiently cold, the test mixture is established. Gating circuit converts transmitted and first reflected acoustic pulses to a form suitable for triggering an electronic timer-counter. Comparator reference level is set to block succeeding reflections.
The LN2 is admitted to the test cell first. A LN2 level accurate representation of the test liquid to be anasensor, the level of which can be adjusted, activates a lyzed but would require an elaborate pressure relief solenoid which regulates the flow of LN2 into the test capability because of the vast expansion of the liquid cell. The level of this sensor is preset according to the upon evaporating. If vapor from the evaporated liqamount of LN2 desired in the mixture. The sensor uid, on the other hand, is collected in a gas sample has a compression seal to prevent leaks. When the bottle, then the composition of the vapor is not replevel of LN2 reaches the sensor, the solenoid closes resentative of the composition of the liquid for most and a red light is illuminated on the solenoid control binary mixtures because of preferential evaporation box. The LOX is then introduced into the system unof one component. In the sampling method employed til it fills the test cell. The turbulence generated durhere, two gas sample bottles capture the vapor of the ing the filling operation is assumed to assure mixing warming liquid in such a manner as to overcome the of the liquids. When the test cell is full, a reflection is difficulty of preferential evaporation. One sample is received by the transducer as monitored with an ostaken at the beginning and the other near the end of cilloscope. Once a reflection is seen, the flow of LOX the evaporation period. is halted. Measurements of temperature and tran-
The principle of the method is illustrated with sit time are now taken. The temperature within the the aid of the LOX-LN2 phase diagram shown in test cell decreases as the mixture is cooled by the LN2 figure 3 (a). The phase boundaries, "liquidus" L in the Dewar. The temperature measurements vary and "vaporus" V, are shown on the temperaturefrom the initial temperature of the test mixture to composition plane for two pressures, 1 and 2 atm. the temperature of the LN2. The range encountered
In the special case of a pure substance, both phase is approximately -198°C to -188°C. The pressure boundaries converge to the boiling point of the liquid. P in the test cell is 1 atm (101.325 kPa), except in
In the binary mixture, the liquid and vapor coexist in the case of pure LN2, for which the saturation presequilibrium at a temperature between the two boiling sure prevails. The test samples included "pure" LOX points. The intersections of an isotherm with the (0.236 mole percent LN2), "pure" LN2 (99.945 mole liquidus and vaporus determine the composition of percent LN2), and five LOX-LN2 mixtures with LN2 the liquid and vapor, respectively. In the following content ranging from 0.86 to 14.25 mole percent. (See discussion, the temperature and composition (mole appendix.) fraction of LN2) at a point on the diagram, are After the measurements are completed, the Dedesignated by T and x, respectively, with the point war is removed to expose the test cell to the suron the diagram as a subscript. For example, TA roundings. As the test cell warms up, two gas samand x A represent the temperature and composition, ples are taken as explained in the next section, respectively, at point A.
For safety, the entire test apparatus is specially Suppose the test liquid contains a mole fraction cleaned to be free from any hydrocarbons. The gas xA of LN2. Then the starting point of the liquid sample bottles are evacuated through a cold trap upon removal of the Dewar is point A at the boiling prior to the experiment.
Also, any expelled gas temperature of LN2. As the liquid warms it proceeds is vented to a dump tank away from the test site.
to point B, located at some temperature T B below These precautions prevent any hydrocarbons from the boiling point of LOX, and vapor appears having the pump or the surroundings from contacting the the composition x C. Because of the small volume liquid oxygen and possibly causing combustion, above the test cell, the pressure rises very rapidly and is limited to about 2 atm by the check valve
Measurement of LN2 Content shown in figure 1 . The phase boundaries rise to those of P --2 atm, and evaporation ceases. The liquid The composition of the liquid mixture is the most continues to warm until it reaches point D, which difficult quantity to measure in the experiment. The has a mole fraction xD _ x A because the N2-rich LN2 content cannot be determined accurately from vapor is small in volume. Vapor of composition x E the known height of the LN2 introduced into the test continues to be produced and escapes through the cell for two reasons. First, the 02 introduced aftercheck valve. ward, a mixture of liquid and vapor, is initially much A few minutes after the pressure gage indicates a warmer than the LN2 and causes some of the latter to pressure P > 10 psi, the valve to the first gas samevaporate. Second, a small quantity of the 02 filling ple bottle is opened. The available volume above the the test cell overflows through the vent tube before liquid increases suddenly from a few to 1000 ml, and the ultrasonic echoes appear and possibly takes some the pressure drops to a very low value, as observed on of the N2 with it. Alternatively, collecting a liquid the pressure gage. The liquid, now in a superheated sample directly in a sample bottle would provide an state as indicated by point D in figure 3(b) , evapo- where c is in meters per second and M is in m01e percent. Equation (1) yields a value of 1009•05 m/sec rates immediately up to the pressure permitted by for pure LOX and a value of 852.8 m/sec for pure the check valve, and a vapor having a composition LN2. The standard deviations of the coefficients are x D _ x A fills the gas sample bottle. The vapor is 0.26, 0.043, and 0.000417 m/sec, respectively. The somewhat rich in N2 because of the evaporation that deviation of the measured values from those given takes place at isotherm B-C ( fig. 3(a) ).
by equation (1) is 0.1 percent in the worst case. (2) a .... The composition error is obtained from equaThus LOX contamination on the order of 1 percent tion (1) as follows:
should be detectable by this technique.
Comparison With Past Results

Summary of Results
A summary of the most recent measurements* The sound speed in liquid oxygen (LOX), liqof the sound speed in LN2 at -195.8°C (77.35 K) uid nitrogen (LN2), and five LOX-LN2 mixtures was and 1 arm appears in figure 6 (refs. 6-13) . The remeasured by an ultrasonic pulse-echo technique at sults are mutually consistent within the limits of ertemperatures in the vicinity of -195.8°C, the boilror except for reference 13, which shows a discreping point of N2 at a pressure of 1 atm. The LN2 aney that cannot be explained by the experimental content of a mixture was determined by a techerror. For this reason it is not included in the comnique whereby the liquid was brought to a superputation of the mean sound speed, which turns out heated state and the vapor captured in a gas samto be 852.9 m/sea and is shown by the dashed line.
ple bottle. The vapor was subsequently analyzed Error bars are not reported for any of the data of by gas chromatography. Under reference conditions Van Itterbeek and Van Dael (refs. 6, 7, and 9) and (-195 After receiving the proof, the authors became and that of the present work agree within 0.025 percent, and these are taken to represent the most probaware of the measurements in the following reference: able value of the sound speed in LOX. included because it is reported on a graph which is too coarse
The measured values agree with those obtained from to permit a sufficiently precise determination. An attempt to obtain the data in numerical form from the authors proved equation (1) 
